2011. Synthesis and structure of solution-stable one-dimensional palladium wires. Nature Chemistry 3(12): 949-953. Published Version One-dimensional metal wires are valuable materials due to their optical and electronic anisotropy, and have potential utility in devices such as photovoltaic cells and molecular sensors 1-6 . However, despite more than a century of research, few examples of well-defined 1-D metal wires exist that allow for rational variation of conductivity. Herein we describe the first examples of one-dimensional Pd molecular wires supported by Pd-Pd bonds, whose thin-film conductive properties can be altered by controlled molecular changes. Molecular wires based on Pd 3+ give semiconducting films, with bandgaps that correlate to wire length in solution and can be controlled by choice of counteranion. Wires based on Pd 2.5+ give films that display metallic conductivity above 200 K: a metallic state has not previously been observed for any polymer composed of 1-D metal wires. High-valent palladium complexes featuring metal-metal bonding are uncommon, and all previously reported examples of complexes with Pd-Pd bonds are discrete dipalladium complexes. Due to Pd-Pd bonds, the wires maintain a 1-D polymeric structure in solution and are up to 750 nm long, which corresponds to more than 1000 Pd atoms.
blues [7] [8] [9] [10] [11] [12] , or closed-shell 1-D stacks organized by metallophilic interactions that are typically not considered formal metal-metal bonds 13, 14 . There are a few examples of infinite 1-D chains in the solid state with metal-metal bonds, one of the oldest being the family of partially-oxidized tetracyanoplatinates-Krogmann salts-formed by bulk oxidation of crystalline samples of Pt(II) complexes 15 . More recently, several 1-D rhodium (Rh) chains with metal-metal bonds have been reported, synthesized primarily by electrolytic reduction of Rh(II) complexes [16] [17] [18] [19] [20] . These mixed-valence (d 7 -d 8 ) Rh wires display infinite 1-D chain structures in the solid state, and exhibit semiconductivity in each case in which the crystal conductive properties have been measured.
Interest in synthesizing 1-D metal chains has been sustained by the unique and useful properties that they display due to their high anisotropy. For example, 1-D wires have found use in applications such as light-emitting diodes, photovoltaic cells, and molecular sensors [2] [3] [4] [5] [6] . But few examples of 1-D metal chain polymers supported by metal-metal bonds have been reported, which has limited the knowledge of their conductive properties. Even for well-studied oligomeric metal chains, which can be considered as model systems for extended 1-D metal wires, the factors that determine conductivity are a subject of current debate 21 . Unlike conductive organic polymers, for which the principles of controlling conductivity are well established 22 , examples of polymers based on 1-D metal wires that allow for rational control over conductivity are scarce 23 . The development of new 1-D metal chain complexes that offer control over conductive properties is necessary for making progress towards the use of 1-D metal wires in device fabrication. In this report we describe a rapid, high-yielding, scalable, solution-phase synthesis of 1-D Pd molecular wires by self-assembly of dinuclear Pd(II) complexes upon oxidation. We propose that observed thin film conductivity properties can be controlled by rational modification of the 1-D metal wires. Organopalladium(III) complexes featuring Pd-Pd bonds are uncommon, and have thus far been limited to discrete dipalladium complexes. Since 2009 our lab has investigated the previously unknown role of dipalladium(III) complexes in catalysis 24 .
We have reported the synthesis of dipalladium(III) complexes by oxidation of dipalladium(II) precursors, and their ability to undergo facile carbon-heteroatom reductive elimination ( Fig. 1 ). Our interest in utilizing metal-metal bonding to reduce activation barriers in catalysis led us to investigate carbon-fluorine bond formation from dipalladium(III) fluoride complexes such as 3. Unexpectedly, when targeting 3, we observed the self-assembly of solution-stable 1-D polymers with a backbone of metalmetal bonds. Treatment of a solution of 1 in CH 2 Cl 2 at -50 ˚C with 1.0 equivalents of XeF 2 led to an immediate color change from pale yellow to dark red ( Fig. 2a ).
Crystallization afforded thermally sensitive, dark red needles of 5, as infinite chains of cationic Pd(III) nuclei with non-coordinated fluoride anions (Fig. 2b ). In the crystal packing of 5, adjacent polycationic wire strands are collinear, and the voids between the chains are occupied by disordered fluoride counteranions and solvent ( Fig. 2c ). Due to the high level of disorder in the voids, the fluoride anions were not located in the crystal structure of 5. Therefore, the presence of fluoride in a 1:1 Pd:F ratio was established chemically by treatment of 5 with TMSCl: both TMSF and Pd(III) dichloride 2 were observed in 97% yield, confirming the assigned molecular formula and the Pd(III) oxidation state in 5. Crystals of Pd(III) difluoride 3 were isolated alongside crystals of 5, Figures S5-S6 ). UV-vis/NIR absorption spectra of dilute solutions of 5 show a NIR absorption centered around 1000 nm (Fig. 3) . The absorption is consistent with solutionstable extended metal chains, in which the metal atoms are in electronic communication through metal-metal bonds 26, 27 . In contrast, discrete Pd(III) dimers such as 2 do not absorb in the NIR region 24 . The NIR absorption in 5 displays a concentration-dependent red shift that indicates longer chain lengths in solution at higher concentrations [26] [27] [28] , which is also supported by the SLS/DLS measurements. In longer chains, optical Figures S13-S17 ). The lower electrical bandgap for thin films of 7 as compared to 5 is consistent with the observed red shift in NIR absorption (Fig. 3) . The ability to modify bandgap in semiconducting polymers is valuable for applications such as photovoltaic devices 22 . while the unbridged distances are on average 0.04 Å shorter in 8. The shorter Pd-Pd distances may be accounted for by a decrease in coulombic repulsion between Pd centers in 8 as compared to 5 29 . In contrast to semiconducting films of Pd(III) wire 5 (Fig. 4A) , thin-film conductivity measurements of Pd(2.5) wire 8 show that a metal to insulator transition occurs around 200 K (Fig. 4B) . A metallic state has not previously been observed for any polymer composed of 1-D metal wires. Because the supramolecular structure within the thin film of 8 is not known, the cause of the metal to insulator transition cannot presently be assigned. One-dimensional conductors are subject to Peierls distortion, in which the conductive electrons are no longer delocalized at low temperature, causing insulating behavior 31 . Variable temperature X-ray analysis of crystals of 8 does not show an apparent structural transition in the range of 100 to 250 K ( Figure S22) ; however, the electronic properties of single crystals and thin films can be different.
Despite decades of interest in the use of 1-D metal molecular wires in devices, to date there has been a lack of synthetic routes to 1-D metal wires that allow for solution processing, or for rational control over conductive 
